Anisotropy in magnetic and transport properties of Fe1-xCoxSb2 by Hu, Rongwei et al.
ar
X
iv
:0
80
1.
13
50
v2
  [
co
nd
-m
at.
str
-el
]  
11
 Ja
n 2
00
8
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Anisotropic magnetic and electronic transport measurements were carried out on large single
crystals of Fe1−xCoxSb2 (0 ≤ x ≤ 1). The semiconducting state of FeSb2 evolves into metallic and
weakly ferromagnetic by substitution of Fe with Co for x < 0.5. Further doping induces structural
transformation from orthorhombic Pnnm structure of FeSb2 to monoclinic P21/c structure of CoSb2
where semiconducting and diamagnetic ground state is restored again. Large magnetoresistance and
anisotropy in electronic transport were observed.
PACS numbers:
I. INTRODUCTION
Previous attempts to explain the unusual magnetic
and electronic properties of the narrow-gap semicon-
ductor FeSi1,2 were based on either the itinerant mag-
netism model, the Kondo description, the mixed valence
model, or the two-band Hubbard model, and started with
Jaccarino’s interpretation of an extreme narrow-band-
energy-gap model.3−6 From this work two different view-
points have emerged. The first, proposed by Takahashi
and Moriya,3 treats FeSi as a nearly ferromagnetic semi-
conductor in an itinerant electron model. The second, as
pointed out by Aeppli and Fisk,4 takes FeSi as a transi-
tion metal version of the Kondo insulator with localized
Fe moments. This viewpoint has the origin in the narrow
gap/high density of states model that Jaccarino consid-
ered and then rejected. Experimental confirmation of
that model was achieved by Mandrus et al7 and Park
et al.8 Other analogous 3d model systems are highly de-
sired in order to study this problem, particularly those
of non-cubic and strongly anisotropic structures.
The magnetic properties of FeSb2 strongly resemble
those of FeSi.9,10 Previous investigation of FeSb2 has
shown that the magnetism can be described by two ef-
fects: a thermally induced Pauli susceptibility and a low
spin to high spin transition within the t2g multiplet of Fe
ion in octahedral crystal field.
In order to show the possible Kondo insulator to
heavy-fermion metal transition, we perturbed the FeSb2
electronic system by electron doping. We report the
anisotropy in magnetic and electronic transport proper-
ties of Fe1−xCoxSb2 as a function of Co content. The
semiconducting ground state of FeSb2 evolves into a
metallic one by x = 0.1. Further Co substitution induces
weak ferromagnetism for 0.2 ≤ x < 0.5. Beyond x = 0.5
there is a structural transformation from orthorhombic
Pnnm to the monoclinic P21/c structure of CoSb2 and
the restoration of the anisotropic semiconducting ground
state for 0.5 ≤ x < 1. The weak ferromagnetism and high
temperature Curie-Weiss behavior is due to the small
portion of localized Co ions. The large positive magne-
toresistance arises in the Fe1−xCoxSb2 electronic system,
particularly for x values close to the metal - semiconduc-
tor crossover.
II. EXPERIMENTAL DETAILS
Single crystals were grown with the high temperature
flux method.11,12 Their structure and composition were
determined by analyzing powder X-ray diffraction (XRD)
spectra taken with Cu Kα radiation (λ = 1.5418 A˚) using
a Rigaku Miniflex X-ray machine. The lattice parame-
ters were obtained by fitting the XRD spectra using the
Rietica software.13 A JEOL JSM-6500 SEM microprobe
was used for verifying the Co concentration. Crystals
were oriented using a Laue Camera and polished into
rectangular bars along specific crystalline axes. Electri-
cal contacts were made with Epotek H20E silver epoxy
for a standard 4-wire resistance measurement. The di-
mensions of the samples were measured by a high pre-
cision optical microscope with 10 µm resolution. Mag-
netization, resistivity, and transverse magnetoresistance
measurements were carried out in a Quantum Design
MPMS-5 and a PPMS-9 varying the temperature from
1.8 K to 350 K and applying a magnetic field up to
90 kOe. Polycrystalline averages were calculated from
M/H ≡ χ = 1/3 [χa + χb + χc]. Heat capacity data was
collected in the PPMS-9 instrument using a relaxation
technique.
III. RESULTS AND DISCUSSION
A. Crystal Structure
Fig. 1 shows the lattice constants and unit cell volume
of Fe1−xCoxSb2 as a function of nominal Co content, as
determined by powder X-ray diffraction. As can be seen
from Fig. 1, the end member structures of Fe1−xCoxSb2
are orthorhombic Pnnm and monoclinic P21/c for FeSb2
and CoSb2, respectively. Both aˆ and a
¯
xes show a smooth
linear decrease with increasing x for 0 ≤ x < 0.5. In
contrast, the a¸xis expands with increasing x in the same
doping range. At x = 0.5, the a¸xis doubles in size and a
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FIG. 1: Unit cell constants and volume of the series
Fe1−xCoxSb2 as a function of composition. Phase transition
takes place at x = 0.5. Dashed line represents the phase
boundary between orthorhombic and monoclinic structures.
Inset shows monoclinic angle β′ in P21/c structure.
monoclinic angle β 6= 90◦ emerges, indicating a structural
phase transition to lower symmetry of the unit cell.
In the monoclinic region, for 0.5 ≤ x < 1, the unit
cell volume refers to that of a pseudo-marcasite cell.
This cell is related to the true unit cell of CoSb2 (spec-
ified by −→a ′,
−→
b ′,−→c ′, andβ′) by vectorial equations of
the following form: −→a ′ = (−→a − −→c )/2,
−→
b ′ =
−→
b and
−→c ′ = (−→a + −→c )/2.14 In this doping regime as well, we
observe a smooth evolution of a, b and c lattice parame-
ters with increasing x. The evolution is concurrent with
a gradual increase of the monoclinic angle β′, from 90.1◦
to 90.4◦ (Fig. 1(Inset)). This linear dependence on Co
concentration, conforming to Vegard’s law, demonstrates
that Co successfully substitutes for Fe in the entire dop-
ing range. In addition, energy dispersive SEM for several
nominal x=0.25 samples showed that the uncertainty in
Co concentration among samples grown from different
batches was ∆x = 0.04.
The anisotropy in the evolution of lattice parameters
with Co content for 0 ≤ x < 0.5 is consistent with an in-
creased occupancy of dxy orbitals, directed towards near-
est neighbor Fe ions along a¸xis of the crystal.10 Mono-
clinic distortion at x = 0.5 increases the a¸xis and de-
creases the overlap of dxy orbitals. The reduced over-
lap results in an enlargement of the gap within the t2g
multiplet15 and causes a change in electronic transport
properties. The electronic system gradually evolves to-
wards a semiconducting ground state of CoSb2 with the
increase of Co concentration from 0.5 ≤ x < 1.
B. Magnetic Properties
For x = 0, the temperature dependence of the sus-
ceptibility is qualitatively the same for H || aˆ, bˆ, and cˆ
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FIG. 2: M/H v.s. T at H = 1000 Oe along 3 crystalline axes.
Some data of the series were omitted for clarity: (a) mag-
netization of FeSb2 along all three axes. (b)Magnetization
along aˆ axis. Insets show the 1/χ and also the hysteresis
loop of Fe0.75Co0.25Sb2. (c) Magnetization along a
¯
xis dis-
plays weak ferromagnetic transition at low temperatures for
0.2 ≤ x ≤ 0.45. (d) a¸xis magnetization resembles those of aˆ
axis but shows no transitions at low temperatures.
3TABLE I: Parameters of the fits to the polycrystalline average of M/H data for 0 ≤ x < 0.5.
χ(T ) = χNB + χCW
x ∆χ(K) W (K) p χ0(10
−4emu/mol) µeff (µB) Θ(K) µeff/Co(µB) Tc(K) Ps(10
−3µB)
0
552
425
1.6
310
1.3
1.4
0.03
0.04
0 0
0.05 531 235 2.1 0.3 0.41 −23
0.10 511 471 2.5 1.6 0.79 −71
0.20 4.5 0.14 110 0.70 6.6 1.49
0.25 3.3 0.24 104 0.99 6.0 1.73
0.30 3.0 0.32 77 1.08 6.8 1.87
0.40 1.5 0.54 17 1.35 7.3 1.19
0.45 1.5 0.54 16 1.20 6.4 0.75
as shown in Fig. 2(a). A diamagnetic to paramagnetic
crossover at T in the vicinity of 100 K occurs when a field
is applied parallel to the cˆ axis. This crossover is absent
when fields are applied parallel to the aˆ and bˆ axes. Fur-
thermore, for H || aˆ, bˆ below 100 K the susceptibility is
temperature independent and can be described by a para-
magnetic term χa = χb = 2× 10
−5 emu/mol. These ob-
servations contradict previous measurements of FeSb2,
9
that reported a diamagnetic to paramagnetic crossover in
the vicinity of 100 K for fields applied along all three axes.
Our measurements were performed on large single crys-
tal samples which eliminated the need for subtracting the
background, which is often difficult to estimate with high
certainty. Subtraction of the background was necessary
in Ref. 9 due to very small mass of the FeSb2 samples.
Consequently, the intrinsic susceptibility of FeSb2 deter-
mined on large single crystals, differs from Refs. 9 and
10 and is shown in Fig.2(a).
In what follows, we explore to what extent different
models can account for the observed paramagnetic mo-
ment and the temperature dependence of the susceptibil-
ity in Fe1−xCoxSb2. In the free-ion model the suscepti-
bility χ is given by Jaccarino et al2 as,
χFI = Ng
2µ2B
J(J + 1)
3kBT
2J + 1
2J + 1 + exp(∆χ/kBT )
+ χ0.
This model describes thermal excitations from low to
high spin states, separated by a spin gap ∆χ. More-
over in the simplest case, two spin states can be viewed
as the J = S = 0 spin singlet and the S = 1 triplet state.
Fitting the expression to the polycrystalline average of
the magnetic susceptibility of FeSb2 and setting J = S,
we obtain χ0 = 4.5 × 10
−6emu/mol, ∆χ = 527 K and
S = 0.24. The rather small value of S implies that the
free-ion model may not be the explanation for the ther-
mally induced paramagnetism at high temperatures, or
that a small portion of Fe spins in the S=0 low spin d4
ground state(t2g,S=0) takes part in the spin-state tran-
sition.
The magnetic susceptibility of FeSb2 can also be de-
scribed by the narrow-band-small-gap picture:
χNB =
2Nµ2Bp exp(∆χ/T )(exp(W/T )− 1)
W (1 + exp(∆χ/T ))(1 + exp((∆χ +W )/T ))
+χ0
Here χNB is the Pauli susceptibility of an itinerant
electron system with a density of states N(E) consist-
ing of two narrow bands of width W separated by a
gap Eg ≡ 2∆χ, so that the chemical potential is de-
fined as µ = W + ∆χ. The density of states is given by
N(E) = Np/W , where N denotes the number of unit
cells and p the number of states per unit cell. In this
picture, χ0 is the temperature independent paramagnetic
susceptibility. By fitting this model, we find the allowable
values of parameters: 1.3 < p < 1.4, 1.6K < W < 310K,
850K < Eg < 1100K. The result agrees with Ref.9 but
differs in a positive Pauli term, χ0 = 3× 10
−6− 4× 10−6
emu/mol, instead of a diamagnetic term.
At high temperatures for 0 < x ≤ 0.45, the magnetic
susceptibility along all three crystalline axes can be de-
scribed by two terms: a thermally induced paramagnetic
moment with progressively smaller gap ∆χ, and a grow-
ing Curie-Weiss term, due to Co substitution:
χ(T ) = χCW + χNB
where
χCW =
Nµ2eff
3kB(T −Θ)
Results of fits for 0 ≤ x < 0.5 are shown in Table I.
The gap ∆χ decreases with increasing doping as x reaches
0.2. For 0.20 ≤ x ≤ 0.45 the temperature dependence of
the magnetic susceptibility above 180 K is characterized
solely by the Curie-Weiss term and temperature indepen-
dent Pauli term χ0.
The low temperature magnetic properties of
Fe1−xCoxSb2 are anisotropic. For H ||aˆ and bˆ, we
observe a large increase of M/H values, a signature
of ferromagnetic transition. Consequently, hysteresis
loops, shown in the inset to Fig. 2 (b), are observed for
0.2≤ x ≤ 0.45 (H ||bˆ), as well as for x = 0.25 (H ||aˆ) at
T=1.8K. The saturation moments Ps are listed in Table
I. The Curie temperatures, determined by extrapolating
the steepest slope of the M/H curve toM = 0, vary from
5.9 to 7.2 K (Tab I.). This corresponds to the anomalies
in the heat capacity measurements (Fig. 6). CoSb2
41
10
100
1000
0.1
1
10
100
1000
10 100
0.1
1
10
100
1000
10000
         x
 0
 0.05
 0.10
 0.20
 0.40
 0.50
 0.75
 1  
 
 
a/
a3
50
 
 
b/
b3
50
 
 
c/
c3
50
T(K)
FIG. 3: Normalized resistivity along all three axes as a func-
tion of temperature and different doping levels, x denoted by
different shapes and colors. Fe1−xCoxSb2 becomes metallic
along all axes for x > 0.05. With increasing x, the metallicity
is lost in a crossover, where resistivity is nearly independent
of temperature. Further increase of T leads to metallic be-
havior again along aˆ and bˆ. However, resistivity along cˆ axis
evolves gradually from metallic to semiconducting. Below 40
K for x = 0 and 0.05 samples the impurity tails up to 5 Ωcm
are observed.
is diamagnetic in the whole experimental temperature
range. As Fe is in the nonmagnetic 3d4 configuration,
we assume that localized moment arises solely from the
substituted Co atoms, and hence Curie-Weiss term.
To evaluate the high temperature moment per Co
atom, we fit the polycrystalline average of the magnetic
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FIG. 4: Spin and transport gaps as a function of Co concen-
tration. The Curie-Weiss behaivor is widely identified in the
series. Both spin and transport gaps are shrinking due to Co
impurity states, which likely reside in the gap.
susceptibility for temperatures ranging from 180 to 350
K with the Curie-Weiss law. We find the moment of
µ/Co to be 1± 0.35µB for all the ferromagnetic x (Tab.
I). This suggests the existence of polarized moments of
Co2+ with low spin and quenched orbital momentum
in the lattice. Therefore, we conclude that the weak
ferromagnetism is due to the ordering of 0.2 % of Co2+
moments. The fact that we were unable to detect any
hysteresis loops above Tc and the absence of any sample
dependence among sample within one batch of crystals,
as well as among crystals from different batches, argues
against extrinsic sources of weak ferromagnetism in
Fe1−xCoxSb2.
C. Electronic Transport
Whereas the electronic transport of FeSb2 is strongly
anisotropic, there is much less dependence on ”direction”
for Fe1−xCoxSb2. Figure 3 shows the normalized resis-
tivity as a function of temperature along all three axes.
Absolute values of the resistivity at T = 350 K for sam-
ples with doping up to x = 0.4 are listed in Tab. II.
For x = 0 (FeSb2), there is metallic behavior above 40 K
along the a
¯
xis, and activated behavior below that tem-
perature. On the other hand, FeSb2 is semiconducting for
current applied along aˆ and a¸xes. With a small amount
of doping (x = 0.1), the resistivity exhibits good metallic
behavior over the whole temperature range, and showing
very small defect scattering (ρ0 ∼ 10µΩcm) at 1.8 K, the
lowest measured temperature.
For 0.1 < x < 0.4 the electronic transport is metallic
for current applied along all three principal crystalline
axes. Metallicity induced by Co substitution is sup-
pressed as the system evolves towards the region of the
5structural phase transition for x ≥ 0.5, due to mono-
clinic distortion that causes doubling of the a¸xis and the
consequent reduction of the overlap of dxy orbitals. For
0.5 ≤ x ≤ 1 (P21/c structure) a small anisotropy ap-
pears again, but it has different character comparing it
to 0 ≤ x < 0.5 (Pnnm structure). The structural change
is likely one origin of that difference. More theoretical
and experimental band structure work would be useful
to shed light on the anisotropy of electronic transport of
Fe1−xCoxSb2(0.5 ≤ x ≤ 1 ).
For the semiconducting samples, we identify a regime
of thermally activated resistivity above 40 K described
by
ρ = ρ0e
∆ρ
2kBT .
Here ∆ρ is the transport energy gap. The activation
energy for the transport gap is obtained at temperatures
above 40 K. The spin gaps are obtained from the narrow-
band-small-gap model of the polycrystalline magnetic
susceptibility. For x=0.05 the average value of ∆ρ from
ρa(T ) and ρc(T ) is shown(they agree within measure-
ment error∼ 10%), since ρb is metallic. For 0.5 ≤ x < 1
the value of ∆ρ from ρc is shown since ρa and ρb are
metallic. Near structural phase transition, the value of
∆ρ from ρa is shown since ρb and ρc are metallic. A
discrepancy between the spin and the transport gap val-
ues is evident. A possible difference between the gaps
in charge and spin excitation channels has also been ob-
served in pure FeSb 92 as well as in FeSi
16,17.
TABLE II: Values of resistivity Fe1−xCoxSb2(0≤x≤0.4) at
350 K.
x ρa(mΩcm) ρb(mΩcm) ρc(mΩcm)
0 0.79 0.27 0.63
0.05 0.74 0.23 0.26
0.1 0.39 0.20 0.24
0.2 0.96 0.59 0.68
0.3 1.38 0.50 0.69
0.4 1.80 1.04 1.56
In FeSb2 application of a magnetic field induces a
large anisotropic positive magnetoresistance for current
applied along the highly conductive bˆ axis.9 This effect
is strongly enhanced in Fe1−xCoxSb2, particularly for
highly metallic samples. As an example, in Fig. 6 the ef-
fect in Fe0.9Co0.1Sb2 is shown. In addition, magnetoresis-
tance for pure FeSb2 is plotted for comparison. Whereas
magnetic field has little effect on the semiconducting elec-
tronic transport along the aˆ and cˆ axes in FeSb2, for the
bˆ axis transport we observe up to two orders of magni-
tude of positive magnetoresistance at temperatures in the
vicinity of the metal to semiconductor crossover temper-
ature. Away from the crossover temperature the effect
diminishes, below 5 K and in the vicinity of room tem-
perature the application of a magnetic field has no effect
on the bˆ axis transport.
For x = 0.1, this strong effect is more isotropic and
is observed for current applied along all three crystalline
axes. However for I || bˆ, the effect is strongest. Below
10 K, the resistivity increases up to 2.5 orders of magni-
tude in an applied field of H = 90 kOe. The transverse
magnetoresistance (MR), defined as
MR =
[ρ(90 kOe)− ρ(0)]
ρ(0)
,
reaches 36000% at T = 1.8 K and ∼ 30 % at T = 300 K
in 90kOe. This effect is comparable to the colossal mag-
netoresistance observed below room temperature in man-
ganites. Furthermore, it is much higher at room temper-
ature than in manganites. The origin of the magnetore-
sistance in FeSb2(x=0) is most likely due to the large mo-
bility (µ) of carriers. The mobile carriers in a magnetic
field move in cyclotron orbits specified by ωcτ ∼ µH > 1.
Therefore, a strong positive magnetoresistance effect is
expected in even a moderate field.9
Magnetic isotherms deviate from the quadratic relation
for the ordinary metallic case, i.e. ∆ρ(H)/ρ0 ∝ H
2 and
there is a poor Kohler scaling for Fe0.9Co0.1Sb2 . The
spin fluctuation mechanism proposed by Y. Takahashi
and T. Moriya 3 can be discarded based on the sign of
the effect. Mainly because the spin fluctuation theory
predicts negative magnetoresistance due to the thermally
suppressed spin fluctuation amplitude. In addition, the
observed temperature dependence of magnetization does
not contain T 3/2 and T 5/2 terms that arise from spin
wave and spin wave - spin wave interactions.
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FIG. 5: Large magnetoresistance for x = 0 and moderately
doped (x = 0.1) highly metallic samples. Solid and open sym-
bols denote data in 0 and 90 kOe applied fields, respectively.
6D. Heat Capacity
The heat capacity Cp/T as a function of T
2 below 10
K is shown in Fig. 6. We observe a weak but clear sig-
nature of a ferromagnetic transition in the vicinity of the
TC , as derived from magnetization measurements. By in-
tegrating Cp/T over T under this anomaly, the magnetic
entropy contribution per Co is evaluated. For x = 0.3,
we find ∆S = 0.35% kB ln 2, in good agreement with the
results obtained from the magnetization measurement.
The end members of the Fe1−xCoxSb2 series have neg-
ligible electronic specific heat γ = 9.2 × 10−3 mJ/mol
K2. This implies an negligible density of states at the
Fermi level, i.e. an insulating state. The result agrees
well with optical spectroscopy measurements that show
a negligible Drude weight of σ(ω) at low frequencies.18
The changes in γ as a function of x are correlated
with the evolution of the magnetic properties, since the
saturation moment dependence for samples in the ferro-
magnetic region reaches a maximum value for x = 0.3.
Within the Kondo insulator framework, a metallic state
with a large carrier mass enhancement is generated by
a carrier induced closing of the hybridization gap. Con-
sequently, the carrier mass enhancement leads to large γ
value due to a renormalized band structure. The γ values
observed in Fe1−xCoxSb2 are comparable to those in the
ferromagnetic regime of FeSi1−xGex
16 and FeSi1−xAlx,
Fe1−xCoxSi as well.
17,19 To estimate the carrier mass en-
hancement, we make the free-electron assumption. That
is,
γ =
pi2k2BN(EF )
3
=
k2BkFm
∗
3h¯2
with kF = (3pi
2n)1/3. The carrier density is denoted by
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FIG. 6: Cp/T as a function of T
2. Cusps correspond to fer-
romagnetic transition. Co doping gives rise to substantial
increase in gamma.
TABLE III: Sommerfeld coefficient and effecitve mass of car-
riers.
x γ(mJ/molK2) m∗(me)
0.20 25.9 1.35
0.25 27.6 1.33
0.30 29.96 1.33
0.40 22.9 0.95
0.45 22.4 0.89
n and is estimated to be equal to the Co concentration
assuming one itinerant electron per Co2+. This model
implies only a small enhancement of carrier mass and dis-
agrees with the Kondo Insulator model. However, Hall
constant measurements would be useful to determine the
precise carrier density and so provide a definitive test for
the applicability of the Kondo Insulator model. Further-
more, these measurements will help shed more light on
the origin of the colossal magnetoresistance in this sys-
tem.
IV. CONCLUSION
In summary, the Fe1−xCoxSb2 electronic system ex-
hibits two consecutive metal to semiconductor crossovers.
The first is caused by electron doping of the semicon-
ducting ground state of FeSb2 for x = 0.1. The second
is induced by a structural change for doping levels in
the vicinity of x = 0.5. The density of states at the
Fermi level increases due to the increased Co concentra-
tion, as shown in the rise of the electronic specific heat.
The weak ferromagnetism induced by the polarization
of a small portion of Co2+ ions arises in the metallic
state for 0.2 ≤ x < 0.5. A colossal magnetoresistance
as large as 36000% is observed in the vicinity of the first
metal to semiconductor crossover. The overall properties
of Fe1−xCoxSb2 can be understood in the narrow-band-
small-energy-gap framework where Co substitution gives
rise to impurity states in the gap, metallicity, and Curie-
Weiss behavior. This is further supported by the recent
LDA+U calculation of Lukoyanov on FeSb2, which in-
dicates sharp peaks in the DOS at the edge of a small
gap.20 Possible consequence of the presence of magnetic
Fe or an unknown ferromagnetic impurity would imply
that the value of the direct Coulomb repulsion param-
eter U in ref. 20 does not exceed the critical value of
UC=2.6eV for all values of x in Fe1-xCoxSb2 and that
the weak ferromagnetism is extrinsic.20
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